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Abstract: This study presents the results of an experimental program on the comparative 5 
performance of fiber reinforced polymer (FRP) confined concrete specimens with different 6 
wrapping schemes. A total of 32 specimens in four groups were cast and tested under concentric 7 
and eccentric axial loads. All specimens were wrapped with the same amount of FRP but with 8 
different wrapping schemes, including full wrapping, partial wrapping, and non-uniform 9 
wrapping. Specimens in the first group were fully wrapped (Group F). Specimens in the second 10 
group were partially wrapped with 30 mm FRP strip spacing (Group P30). Specimens in the third 11 
group were partially wrapped with 60 mm FRP strip spacing (Group P60). Specimens in the 12 
fourth group were non-uniformly wrapped with a combination of full and partial wrapping 13 
(Group FP). Two similar specimens in each group were tested under concentric, 15 mm eccentric, 14 
25 mm eccentric, and 40 mm eccentric axial loads. The test results indicate that fully wrapped 15 
specimens outperformed other groups of specimens under both concentric and eccentric axial 16 
loads, which were followed by non-uniformly and partially wrapped specimens. With the 17 
increase in axial load eccentricity, the performance in all groups significantly decreased. 18 
Moreover, with the increase in axial load eccentricity, the failure mode changed from FRP 19 
rupture at the compression side to extensive concrete cracking at the tension side. Equations 20 
were developed to predict the compressive strength of FRP confined concrete with different 21 
wrapping schemes. Experimental and analytical interaction (P-M) diagrams were also 22 
constructed to investigate the axial and flexural behavior of different groups of specimens.   23 
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Introduction 36 
Fiber reinforced polymer (FRP) has been extensively investigated to provide confinement to 37 
concrete due to the advantages of high strength and stiffness to weight ratio as well as superior 38 
corrosion resistance. A large number of experimental and analytical studies were conducted in 39 
the literature to understand and model the compressive behavior of FRP confined concrete. It 40 
was proved that FRP confinement can significantly enhance the performance of concrete under 41 
compressive loads (Lam and Teng 2003a, b; Hadi 2006a, b; Hadi et al. 2015; Wang et al. 2016; 42 
Wang et al. 2017).  43 
Even though a considerable number of studies were conducted on fully FRP wrapped concrete, 44 
only a few studies focused on partially FRP wrapped concrete (Barros and Ferreira 2008; Park et 45 
al. 2008; Campione et al. 2015; Pham et al. 2015; Triantafyllou et al. 2015; Saljoughian and 46 
Mostofinejad 2016). Partial FRP wrapping requires less FRP materials and can be applied easier 47 
and faster than full wrapping (Pham et al. 2015). Moreover, for existing reinforced concrete (RC) 48 
columns confined with sparse steel ties, the compressive performance of existing RC columns is 49 
expected to be improved by partial FRP wrapping in between the sparse steel ties, as the local 50 
buckling of longitudinal steel bars can be effectively constrained by the partial FRP wrapping 51 
(Triantafyllou et al. 2015). Furthermore, for existing deteriorated RC columns, partial FRP 52 
wrapping onto the deteriorated part of the RC columns can significantly increase the strength and 53 
ductility of the columns without consuming excessive FRP materials which otherwise would be 54 
required for the full wrapping of the RC columns (Wei et al. 2009). Few studies also investigated 55 
the use of composite taps and ropes as the confinement materials for concrete in the form of full 56 
or partial wrapping (Rousakis 2014, 2016).  57 
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Several research studies investigated the behavior of partially FRP wrapped concrete under axial 58 
compressive load (Matthys et al. 2005; Barros and Ferreira 2008; Triantafyllou et al. 2014; Pham 59 
et al. 2015). Among these studies, Barros and Ferreira (2008) systematically investigated the 60 
confinement efficiency of partially FRP wrapped plain and RC column specimens. It was 61 
reported  that a significant increase in the load carrying capacity and deformation capacity can be 62 
obtained by reducing the FRP strip spacing and reducing the unconfined concrete strength, or 63 
increasing the confinement stiffness of FRP jacket (Barros and Ferreira 2008). Pham et al. (2015) 64 
investigated the axial compressive behavior of FRP wrapped concrete with different FRP 65 
wrapping schemes. In Pham et al. (2015), a non-uniform FRP wrapping scheme with a 66 
combination of full and partial FRP wrapping was proposed. It was reported that higher axial 67 
compressive strength and axial strain, in comparison with full FRP wrapping scheme, could be 68 
obtained by non-uniform FRP wrapping. Moreover, an equation was proposed to predict the 69 
compressive strength of partially FRP wrapped concrete.  70 
Concrete columns are often subjected to the combined axial and flexural loads in practical 71 
situations. Several studies investigated the behavior of fully FRP wrapped concrete under 72 
eccentric loads. It was concluded that the strain gradient effect caused a non-uniform confining 73 
pressure which reduced the efficiency of the FRP confinement under eccentric loads (Parvin and 74 
Wang 2001; Hadi 2006 a,b; Wu and Jiang 2013). Even though partial FRP wrapping is 75 
considered to be promising in some particular applications, studies on partially FRP wrapped 76 
concrete under eccentric load are limited. Moreover, none of the previous studies provided 77 
information on non-uniformly FRP wrapped concrete under eccentric load. This study 78 
investigates the behavior of FRP confined plain concrete specimens with different wrapping 79 
schemes under concentric and eccentric axial loads. An experimental program was conducted to 80 
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investigate the comparative performance of fully, partially, and non-uniformly FRP wrapped 81 
concrete under concentric and eccentric axial loads (eccentricity of 15 mm, 25 mm, and 40 mm). 82 
The failure modes, axial load-axial deformation behaviors, ductility capacity, and axial load-83 
bending moment interactions (P-M) of the specimens were investigated. Moreover, an analytical 84 
procedure was developed to predict the axial and flexural behaviors of the tested specimens with 85 
the aim to better understand the ultimate capacities of all groups of specimens.  86 
Experimental Program 87 
Design of Experiments 88 
A total of 32 concrete specimens were cast and tested under concentric and eccentric axial loads. 89 
All the specimens were 150 mm in diameter and 300 mm in height. Four groups of specimens, 90 
with 8 specimens in each group, were divided based on the FRP wrapping schemes. All groups 91 
of specimens were wrapped with same amount of FRP but following different wrapping schemes. 92 
The aim was to investigate the influence of different wrapping schemes on the behavior of FRP 93 
wrapped concrete under concentric and eccentric axial loads. Specimens in the first group were 94 
fully wrapped with two layers of carbon fiber reinforced polymer (CFRP), as shown in Fig. 1(a). 95 
Specimens in the second group were partially wrapped with four layers of 30 mm wide FRP 96 
strips, and the spacing between neighboring FRP strips was 30 mm, as shown in Fig. 1(b). 97 
Specimens in the third group were partially wrapped with six layers of 30 mm wide FRP strips, 98 
while the spacing between neighboring FRP strips was 60 mm, as shown in Fig. 1(c).  Specimens 99 
in the fourth group were non-uniformly wrapped, as shown in Fig. 1(d). For the fourth group of 100 
specimens, at first, the specimens were fully wrapped with one layer of FRP. Afterwards, two 101 
layers of 30 mm wide FRP strips were wrapped onto the first layer of FRP with 30 mm spacing 102 
between neighboring FRP strips. It is noted that the amount of FRP for Group P30 and FP 103 
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specimens were slightly different from those of Group F and P60 specimens (Fig. 1). This slight 104 
difference was mainly due to the length of the specimen, which made it difficult to maintain 105 
exactly the same amount of FRP. However, it is believed that this slight difference might not 106 
affect the results, since all the specimens were expected to fail in the mid-height region. In the 107 
mid-height region, the wrapping configurations were different, but the amount of FRP were 108 
exactly the same.  109 
For specimens in each group, two identical specimens were tested under the same load 110 
conditions to ensure representative test results. Axial load eccentricities of 0, 15, 25, and 40 mm 111 
were adopted in this study, where zero eccentricity corresponds to concentric axial load. Table 1 112 
lists the detailed test matrix. The specimens have been labelled as: (a) “F”, “P30”, “P60”, and 113 
“FP” represent fully wrapped, partially wrapped with 30 mm FRP strip spacing, partially 114 
wrapped with 60 mm FRP strip spacing, and non-uniformly wrapped specimens, respectively; (b) 115 
“E” and the number afterwards indicate load eccentricity (0 indicates concentric axial load; 15 116 
indicates eccentric axial load with 15 mm eccentricity; 25 indicates eccentric axial load with 25 117 
mm eccentricity; and 40 indicates eccentric axial load with 40 mm eccentricity); and (c) “1” or 118 
“2” indicates the order of the two identical specimens tested under the same axial load conditions. 119 
 120 
Specimen Preparation and Material Properties Test 121 
The CFRP sheet used in this study was supplied by Nanjing Hitech Composites CO., LTD 122 
(2016). The original width of CFRP sheet was 100 mm and the thickness was 0.167 mm per 123 
layer. For fully wrapped specimens, the 100 mm wide CFRP sheet was wrapped onto the top, 124 
middle, and bottom parts of the specimens. Therefore, there was no overlap between the parts, as 125 
each part was 100 mm. In order to obtain the required width of CFRP strip for partially wrapped 126 
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specimens, each CFRP strip was precisely cut from the original CFRP sheet using a pair of 127 
scissors.  128 
 129 
Normal strength concrete with a design compressive strength of 32 MPa was used for casting the 130 
specimens. The concrete was supplied by a local concrete provider with a maximum aggregate 131 
size of 10 mm. After 28 days of standard curing, the concrete specimens were wrapped with 132 
CFRP. A mixture of epoxy resin and hardener at a ratio of 5:1 was used as an adhesive. 133 
Preparations of fully and partially FRP wrapped specimens were similar: before the first layer of 134 
CFRP was wrapped, the adhesive was evenly spread onto the surface of the specimen and then 135 
CFRP was wrapped onto the specimen surface with the fibers oriented in the hoop direction. 136 
Immediately after the first layer was wrapped, the adhesive was evenly spread onto the surface of 137 
the first layer of CFRP and the second layer was continuously wrapped. The remaining layers of 138 
CFRP were wrapped in a similar manner. An overlap of 100 mm was ensured in the last layer of 139 
CFRP strips.  While for non-uniformly FRP wrapped specimens, the specimens were left for a 140 
while until the adhesive was hardened after the one layer full wrapping was conducted. 141 
Afterwards, the remaining CFRP strips were wrapped.  142 
 143 
Compression tests at 28 days showed that the average compressive strength of the concrete was 144 
37.7 MPa. The tensile properties of CFRP were tested according to ASTM D7565 (ASTM 2010). 145 
Five CFRP coupons with 25 mm width and 250 mm length were prepared and tested. For each 146 
coupon, three layers of CFRP were glued together using epoxy resin. The coupons were capped 147 
at both ends by aluminum plates. Detailed description of the test can be found in Wang et al. 148 
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(2016). The average nominal thickness of the coupons was 1.18 mm, and the average tensile 149 
strength of CFRP was 1674 MPa with an average ultimate strain of 0.016. 150 
 151 
Instrumentation 152 
The Denison 5,000 kN compression testing machine was used for testing all the specimens. For 153 
concentrically and eccentrically loaded specimens, the specimen ends were capped with high-154 
strength plaster to ensure a uniform load distribution. In order to apply eccentric axial load onto 155 
the specimens, a set of loading heads were used (Figs. 2 (a) and (b)). Axial deformations of the 156 
specimens were measured using two Linear Variable Differential Transducers (LVDTs), which 157 
were mounted at the opposite corners between the loading plate and the supporting plate of the 158 
Denison testing machine. Therefore, the height of the specimens used to obtain the axial 159 
deformations from LVDTs was 300 mm. In order to measure the lateral deflections for the 160 
eccentrically loaded specimens, a laser triangulation was used. The laser triangulation was 161 
manufactured by Bestech Australia Pty Ltd. (2018). The laser triangulation was positioned onto 162 
the bottom loading plate by using a magnetic base and was set up at the mid-height of the 163 
specimen, as shown in Fig. 2 (c). For the specimens tested under 15 and 25 mm eccentric axial 164 
loads, the laser triangulation was positioned on the tension side. However, as few specimens 165 
failed in an explosive manner, the laser triangulation was moved to the compression side for the 166 
specimens tested under 40 mm eccentric axial load to prevent the probable damage of the laser 167 
triangulation. All the tests were conducted as deflection controlled at a rate of 0.5 mm/min. The 168 
readings of the load and LVDTs were taken using a data logging system and were subsequently 169 
saved in a control computer. 170 
 171 
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Experimental Results and Analysis 172 
Specimens under Concentric Axial Load  173 
The failure modes of concentrically loaded specimens are presented in Fig. 3. All concentrically 174 
loaded specimens failed due to the brittle rupture of CFRP. For partially FRP wrapped concrete 175 
specimens, small cracks were observed on the surface of non-wrapped concrete during the 176 
loading. As the load increased, the non-wrapped concrete began to crush and spall off. The 177 
spalling of non-wrapped concrete was more severe for specimens with 60 mm strip spacing. The 178 
spalling of non-wrapped concrete was then followed by the rupture of the CFRP strips around 179 
the mid height of the specimens. For Specimens FP-E0, the one layer CFRP ruptured first, 180 
resulting in a small and sudden drop in the axial load. Afterwards, the axial load began to 181 
increase again until the three layers CFRP at the mid height of specimens ruptured, causing a 182 
fatal failure. 183 
 184 
The test results for concentrically loaded specimens are presented in Table 2. The axial load at 185 
the elastic limit 1P and the corresponding axial deformation 1∆ , the peak axial load 2P  and the 186 
corresponding axial deformation 2∆ , the ductility µ, as well as the failure mode, are presented in 187 
Table 2. In this study, the definition on the axial load at the elastic limit 1P  in Pessiki and Pieroni 188 
(1997) was used for specimens that exhibited strain softening response, as shown in Figs. 4 (a) 189 
and (b). However, this definition was unable to accurately determine 1P for specimens which 190 
exhibited strain hardening response (Dong et al. 2015). In this case, the definition given by Dong 191 
et al. (2015) was adopted, as shown in Fig. 4 (c). 192 
 193 
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The peak axial loads of Specimens F-E0 were the highest among the concentrically loaded 194 
specimens, which were on average 68% higher than those of the Specimens P60-E0. Specimens 195 
FP-E0 achieved peak axial loads that were on average 52% higher than those achieved by 196 
Specimens P60-E0. An average of 46% increase in the peak axial loads compared to Specimens 197 
P60-E0 was achieved by Specimens P30-E0. Fig. 5 shows the axial load-axial deformation 198 
behavior of concentrically loaded specimens. Since the lateral deflections for concentrically 199 
loaded specimens were very small, they were not recorded by using the laser triangulation setup. 200 
Moreover, for comparisons, the axial load-axial deformation behavior of plain concrete 201 
specimens was also presented. All specimens exhibited similar behavior at the initial stage, while 202 
the slope of the second branch varied significantly between different groups of specimens. For 203 
plain concrete specimens (P-E0-1, 2), the axial load decreased significantly after the peak axial 204 
load and finally lost all the strength with a small axial deformation. Typical bilinear curves for 205 
concentrically loaded FRP confined concrete specimens. The slope of the second linear branch 206 
for Specimens F-E0 and FP-E0 was almost identical and the highest, followed by those of 207 
Specimens P30-E0 and Specimens P60-E0. It is noted that even though extensive concrete 208 
cracking occurred for Specimens P30-E0 and P60-E0, the FRP strips prevented the axial load 209 
from dropping and ensured continuous increases of the axial load (Campione 2015; Rousakis 210 
2014, 2016). On the other hand, the FRP confinement efficiency was highly dependent on the 211 
strip spacing: the less the strip spacing, the higher the confinement efficiency. Even though the 212 
load-deformation behavior of Specimens F-F0 was quite similar to the load-deformation 213 
behavior of Specimens FP-E0, Specimens FP-E0 failed earlier than Specimens F-E0. A slight 214 
drop in the axial load can be observed for Specimens FP-E0, which was due to the rupture of one 215 
layer CFRP. Afterwards, the axial load continued to increase slightly until the rupture of three 216 
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layers CFRP. For non-uniformly FRP confined concrete specimens, the rupture of one layer 217 
CFRP can be used as a suitable indication before the final rupture of the specimens. Moreover, 218 
even though Specimens P60-E0 achieved the lowest peak axial loads, the axial deformation was 219 
the highest, which was mainly because significant strain localization occurred within the non-220 
wrapped region (Wei and Wu 2016).  221 
 222 
Specimens under 15 mm Eccentric Axial Load  223 
The failure modes of specimens under 15 mm eccentric axial load are presented in Fig. 6. 224 
Specimens F-E15, FP-E15, and P30-E15 failed by the CFRP rupture at the mid height of the 225 
specimens on the compression side. For Specimens FP-E15, the one layer CFRP above and 226 
below the mid height of the compression side ruptured first. This was followed by a continuous 227 
axial load increase until the rupture of three layers of CFRP at the mid height of the compression 228 
side. For Specimens P30-E15, tension cracks occurred within the non-wrapped concrete at the 229 
mid height of the tension side. Afterwards, the tension cracks propagated approximately half way 230 
through the specimen until the rupture of CFRP strips. The CFRP rupture for Specimen P30-231 
E15-1 was explosive, resulting in the specimen breaking into two halves. The failure of 232 
Specimens P60-E15 was due to the propagation of the tension crack from the tension side to the 233 
compression side. When the tension crack developed to the compression side, the specimens 234 
failed and no CFRP rupture was observed for Specimens P60-E15.  235 
 236 
The test results for specimens under 15 mm eccentric axial load are presented in Table 3. The 237 
lowest peak axial loads were carried by Specimens P60-E15. Specimens F-E15 achieved the 238 
greatest peak axial loads, which were on average 103% higher than those carried by Specimens 239 
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P60-E15. The peak axial loads of Specimens FP-E15 and P30-E15 were on average 75% and 240 
47%, respectively, greater than the peak axial loads of Specimens P60-E15. Fig. 7 shows the 241 
axial load-axial deformation behavior of Specimens F-E15, FP-E15, P30-E15, and P60-E15. 242 
Specimens F-E15, FP-E15, and P30-E15 experienced strain hardening responses after the initial 243 
parabolic ascending branches, while strain softening responses were observed in Specimens P60-244 
E15 due to insufficient confinement provided by the sparse CFRP strips. Also, the spalling of 245 
non-wrapped concrete may have further resulted in the performance deterioration of partially 246 
FRP confined specimens. Even though the peak axial loads of Specimens P30-E15 were 247 
significantly less than the peak axial loads of Specimens F-E15 and FP-E15, the deformation 248 
capacities of Specimens P30-E15 were even higher, which suggested that the strain localization 249 
within non-wrapped region still existed for partially wrapped concrete under small load 250 
eccentricities. Moreover, since the failures of Specimens P60-E15 were caused by extensive 251 
concrete cracking on the tension side, the ultimate condition was defined when the axial load 252 
dropped by 15% of the peak axial load. The corresponding lateral deflections at the ultimate 253 
conditions were 9.9 and 9.3 mm, respectively, which were higher than those of other groups of 254 
specimens (Table 3). Therefore, the gradual failure for Specimens P60-E15 resulted in a pseudo-255 
ductile behavior compared to other specimens.  256 
 257 
Specimens under 25 mm Eccentric Axial Load  258 
The failure modes of specimens under 25 mm eccentric axial load are presented in Fig. 8. 259 
Specimens F-E25 failed by CFRP rupture at the mid height of the compression side. Specimens 260 
P30-E25 failed by a combination of CFRP rupture and concrete tension cracking failure. For 261 
Specimens P30-E25, the non-wrapped concrete on the compression side crushed and two 262 
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horizontal tension cracks appeared above and below the middle CFRP strip on the tension side. 263 
The horizontal tension cracks then started to propagate towards the compression side, which 264 
resulted in a gradual decrease in axial load. Almost simultaneously, the CFRP strip at the mid 265 
height ruptured and the horizontal tension cracks reached the compression side. Specimens P60-266 
E25 failed due to the propagation of horizontal tension crack initiated at the tension side. Failure 267 
occurred when the horizontal crack propagated to the compression side, and no CFRP rupture 268 
was observed. Specimens FP-E25 failed by the CFRP rupture on the compression side. The one 269 
layer CFRP around the mid height ruptured first, which was followed by the rupture of three 270 
layers of CFRP on the compression side. 271 
 272 
The test results of specimens under 25 mm eccentric axial load are presented in Table 3. 273 
Specimens P60-E25 carried the lowest peak axial loads. Considering Specimens P60-E25 as a 274 
basis of comparison, Specimens F-E25 carried the largest peak axial loads, which were on 275 
average 70% higher. The peak axial loads carried by Specimens FP-E25 and P30-E25 were on 276 
average 48% and 22% greater than the peak axial loads carried by Specimens P60-E25, 277 
respectively. The axial load-axial deformation behavior of Specimens F-E25, FP-E25, P30-E25, 278 
and P60-E25 are shown in Fig. 9. It was apparent that the post-peak behavior of the specimens 279 
varied between different groups of specimens. Specimens F-E25 and FP-E25 presented post-280 
peak ascending branches, whereas Specimens P60-E25 presented post-peak descending branches. 281 
The post-peak branches of Specimens P30-E25 were initially ascending before reaching the peak 282 
axial load at which the curves transitioned from ascending to descending. It should be noted that 283 
for Specimens P30, the CFRP rupture did not occur until the occurrence of descending branch, 284 
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which indicated that the confinement provided by the FRP strips was not maximum at peak axial 285 
load.  286 
 287 
Specimens under 40 mm Eccentric Axial Load  288 
The failure modes of specimens under 40 mm eccentric load are presented in Fig. 10. All 289 
specimens experienced extensive concrete tension cracks from the tension side to the 290 
compression side. For Specimens P60-E40, the propagation of the horizontal tension cracks 291 
occurred relatively quickly compared to the other groups of specimens, which resulted in a much 292 
quicker failure. For Specimens FP-E40, the tension cracks initiated at the mid height on the 293 
tension side. Slight rupture of the one layer CFRP around the mid height of the compression side 294 
was observed for Specimens FP-E40, and this slight rupture did not result in the final failure of 295 
specimens.  296 
 297 
The test results for specimens under 40 mm eccentric load are presented in Table 3. It can be 298 
seen that Specimens P60-E40 carried lowest peak axial loads. Specimens F-E40 achieved the 299 
greatest peak axial loads, which were on average 27% higher than the peak axial loads carried by 300 
Specimens P60-E40. Specimens FP-E40 achieved peak loads which were on average 26% 301 
greater than the average peak axial loads of Specimens P60-E40. Specimens P30-E40 carried 302 
peak axial loads that were only on average 5% higher than Specimens P60-E40. Fig. 11 shows 303 
the axial load-axial deformation behavior of Specimens F-E40, FP-E40, P30-E40, and P60-E40. 304 
All specimens presented post-peak descending branches, which suggests the effectiveness of 305 
FRP wrapping in terms of providing a strength increase was insignificant for specimens with 306 
large load eccentricity. Even though the peak axial loads for Specimens P30-E40 were only 307 
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slightly higher than the peak axial loads of Specimens P60-E40, the deformation capacity, 308 
especially the lateral deflection capacities of Specimens P30-E40 were significantly higher than 309 
those of Specimens P60-E40. 310 
 311 
Influence of Axial Load Eccentricity  312 
The influence of axial load eccentricity on the increase of peak axial loads of different groups of 313 
specimens is shown in Fig. 12. In Fig. 12, the vertical axis is 2 / ( )co gP f A⋅  and the horizontal axis 314 
is /e d  (Note: gA is the gross cross section area, and d  is the diameter of the confined concrete). 315 
In general, an increase in the axial load eccentricity led to a significant decrease in the peak axial 316 
loads of all specimens. At low axial load eccentricity ( /e d =0.1), specimens of Groups P30 and 317 
P60 experienced a greater decrease (44% and 45%, respectively) in the peak axial loads than the 318 
decrease in the peak axial loads in specimens of Groups F and FP (33% and 36%, respectively). 319 
However, as the axial load eccentricity increased, the percentage of decrease in the peak axial 320 
loads for different groups of specimens was close. Referring to the specimens tested in Groups F, 321 
FP and P30, an overall decrease in peak axial loads of 79.4%, 77.4% and 80.5% was observed 322 
when the /e d  ratio was increased from 0 to 0.27. Similarly, specimens in Group P60 323 
experienced an overall load decrease of 72.7% in the peak axial loads for the same increment in 324 
eccentricity. Moreover, it can be observed that as the axial load eccentricity increased, the 325 
difference in peak axial loads for specimens in each group decreased. When specimens were 326 
subjected to an eccentric axial load with an /e d  ratio of 0.27, the peak axial loads carried by 327 
specimens in each group were quite close. 328 
 329 
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It is noted that the tested specimens were not reinforced with steel bars. Hence, the influence of 330 
the longitudinal steel reinforcement on the behavior of FRP confined concrete with different 331 
wrapping schemes was not reflected in the test results. Also, the size of the tested specimens was 332 
relatively small compared to the full-scale columns. Although the size effect on FRP confined 333 
concrete was found insignificant in several previous studies (Carey and Harries 2005; 334 
Elsanadedy et al. 2012; Thériault et al. 2004), Jamatia and Deb (2017) reported the existence of 335 
size effect on the behavior of FRP confined concrete under axial compression. Hence, the 336 
experimental results presented in this study should be translated with caution for large FRP 337 
confined reinforced concrete columns.  338 
Ductility Capacity 339 
Ductility is defined as the ability of structural members to deform plastically without substantial 340 
loss of strength. For steel reinforced concrete (RC) column, the ductility is usually calculated as 341 
the ratio of the axial deformation at 85% post-peak load divided by the axial deformation at the 342 
elastic limit (Pessiki and Pieroni 1997): 343 
                  
1
3
∆
∆
=µ  (1) 
where µ  is the ductility, 3∆  is the axial deformation at 85% post-peak load, and 1∆  is the 344 
corresponding axial deformation of the axial load at the elastic limit 1P.  345 
The above definition of ductility is usually not applicable for FRP confined concrete. For 346 
sufficiently FRP confined concrete (Fig. 4 (c)) with strain hardening response, the specimens 347 
failed at the peak axial load due to FRP rupture. In this case, it is not reasonable to use the axial 348 
deformation at 85% post-peak axial load to calculate the ductility. Another case is that for 349 
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insufficiently FRP confined concrete with strain softening response, the axial load at FRP rupture 350 
may be between the peak axial load and 85% post-peak axial load (Fig. 4 (a)). The last case is 351 
that the axial load at FRP rupture is lower than 85% post-peak axial load (Fig. 4 (b)). In different 352 
cases, the definition of ductility should be selected differently to accurately represent the 353 
deformation capacity of specimens.  354 
The ductility capacity of all specimens is summarized in Tables 2 and 3. It can be seen that 355 
Group F specimens obtained higher ductility compared to the other groups of specimens under 356 
both concentric and eccentric axial loads. Even though the average peak axial loads of 357 
Specimens P60-E0 were only 49.3% of those of Specimens F-E0, the ductility capacities were 358 
almost equal. This again indicates that significant strain localization occurred within the non-359 
wrapped region for partially FRP wrapped concrete. Moreover, with the increase of axial load 360 
eccentricities, the ductility capacities for all groups of specimens decreased. When the applied 361 
axial load changes from concentric axial load to eccentric axial loads of 15 mm, 25 mm and 362 
40mm eccentricities, the decrease of ductility for Group F specimens was 34.2%, 40.8%, and 363 
53.3%, respectively. Similar ductility decrease was obtained for Group FP specimens. However, 364 
the corresponding decreases in ductility were 54.7%, 73.7%, and 83.7%, respectively, for Group 365 
P60 specimens. This indicates that the adverse influence of axial load eccentricity on the 366 
ductility of partially FRP wrapped concrete was more severe than those of fully and non-367 
uniformly FRP wrapped concrete.  368 
 369 
Theoretical Analysis 370 
Compressive Strength Prediction for Concentrically Loaded Specimens 371 
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The compressive strength of the concentrically loaded specimens was predicted by using a 372 
strength model proposed in this study. The Lam and Teng (2003a) model was selected as the 373 
base model because it is one of the most widely accepted models for the predictions of the 374 
compressive strength of circular FRP confined concrete, which was highlighted by its 375 
implementation into ACI 440.2R-08 (ACI 2008). Although the Lam and Teng (2003a) model has 376 
been proven to accurately predict the compressive strength of fully FRP wrapped concrete, the 377 
model is not able to account for partial or non-uniform wrapping schemes. In order to account 378 
for the reduced confinement effectiveness due to partial wrapping, a confinement effectiveness 379 
coefficient 
fk  is introduced into the Lam and Teng (2003a) model. The following expression 380 
was developed for compressive strength prediction of fully and partially FRP wrapped concrete: 381 
co
al
f
co
cc
f
f
k
f
f
,3.31 +=  (2) 
where 
cc
f  is the compressive strength of confined concrete; 
co
f  is the unconfined compressive 382 
strength of concrete; 
f
k is the confinement effectiveness coefficient; and alf ,  is the actual lateral 383 
confining pressure.  384 
The confinement effectiveness coefficient can be expressed as (Mander et al. 1988; Barros and 385 
Ferreira 2008; Pham et al. 2015):  386 
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where s is the clear spacing between two adjacent FRP strips and d  is the diameter of confined 387 
concrete. 388 
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The actual lateral confining pressure can be taken according to Equation (4), which was 389 
proposed for full and partial FRP wrapping schemes in Barros and Ferreira (2008) and Pham et 390 
al. (2015): 391 
sw
w
d
tE
f
ruphff
al
+
= ,
,
2 ε
 (4) 
where 
f
E  is the elastic modulus of FRP; 
f
t is the thickness of FRP; ruph,ε  is the actual hoop 392 
rupture strain of FRP; andwis the width of FRP strips.  393 
Using Equations (2), (3) and (4), the compressive strength of concentrically loaded fully and 394 
partially FRP wrapped concrete can be predicted. However, further modification was required 395 
for specimens with non-uniform wrapping scheme. The non-uniform FRP wrapping was 396 
considered to comprise two components, namely, full FRP wrapping and partial FRP wrapping. 397 
The confinement provided by the partial FRP wrapping was added to the confinement provided 398 
by the full FRP wrapping using the principle of superposition. Therefore, the expression for the 399 
compressive strength of concentrically loaded non-uniformly FRP wrapped concrete is as 400 
follows: 401 
                                         
co
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+= 3.31  (5) 
where 
lf
f is the confining pressure provided by the full FRP wrapping; 
f
k is the confinement 402 
effectiveness coefficient, which can be expressed as ( )22/1 ds− ; and
lp
f is the confining 403 
pressure provided by the partial FRP wrapping.  404 
 405 
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Strain gauges were attached at the mid-height of the specimen to obtain axial and hoop strains. 406 
However, most of the readings of the strain gauges experienced a large scatter due to the poor 407 
welding of the wires. Therefore, the recorded strain values were considered not accurate and 408 
hence not used. Based on the findings from several studies (Chen et al. 2013; Lam and Teng 409 
2003a; Wu and Jiang 2013), the ACI 440.2R-08 (2008) suggests that the strain efficiency factor 410 
to be taken as 0.55. Hence, the actual hoop rupture strain was taken as 55% of the nominal 411 
tensile strain of FRP. Considering this strain efficiency factor and a nominal FRP rupture strain 412 
of 1.7%, the actual FRP hoop rupture strain was determined to be 0.935%. Equations (2) and (5) 413 
were applied to predict the compressive strength of all concentrically loaded specimens in this 414 
study. Table 4 compares the experimental and analytical results of all concentrically loaded 415 
specimens. It is evident that the proposed equations underestimate the compressive strength of 416 
Specimens F-E0, FP-0, and P30-E0, with a maximum error of 17% for Specimens F-E0. 417 
However, overestimation was obtained for Specimens P60-E0-2 with a maximum error of 23%. 418 
The differences between experimental and analytical results indicate that, with the increase of 419 
FRP strip spacing, the strength reduction was more significant than the analytical predictions. In 420 
general, the proposed equations can provide reasonable predictions for the compressive strengths 421 
of the concentrically loaded specimens. 422 
 423 
Analytical Interaction (P-M) Diagram 424 
Interaction (P-M) diagrams were constructed to investigate the axial load and bending moment 425 
capacity of the specimens. For eccentrically loaded specimens, the bending moment capacity 426 
considering the second order moment was calculated by Equations (6):  427 
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                ( )δ+= ePM u1    (6) 
where 
uP  indicates ultimate load, e indicates load eccentricity, and δ indicates lateral deflection 428 
at the ultimate load.  429 
The experimental non-dimensional interaction diagrams are shown in Fig. 13. In Fig. 13, the 430 
vertical axis is 2 / co gP f A⋅  and the horizontal axis is 1 / co gM f A d⋅ ⋅ , where gA  is the gross cross 431 
section area, and d  is the diameter of the confined concrete. Group F specimens outperformed 432 
the other groups of specimens, followed by Groups FP, P30, and P60 specimens. Moreover, with 433 
the increase of eccentricity from 25 mm to 40 mm, the differences between the different groups 434 
of specimens became less significant, which indicates that the confinement efficiency was less 435 
with the increase of eccentricity. It can also be observed that for an eccentricity of 40 mm, the 436 
performance of Groups F and FP specimens was comparable and the performance of Groups P30 437 
and P60 was comparable.  438 
In this section, a numerical fiber element method was used to construct the analytical interaction 439 
diagrams of concrete specimens (Fam et al. 2003; Yazici and Hadi 2009; Wang et al. 2016). The 440 
cross section of concrete specimens was divided into a finite number of small horizontal strips, 441 
as shown in Fig. 14. In each layer, the area of concrete core was calculated. With the plain 442 
section assumption, the axial strain in each strip was estimated and the axial stress of each 443 
component was calculated by the stress-strain model of concrete. The calculated stresses were 444 
then integrated over the whole cross section area to obtain the resultant force and the resultant 445 
moment. For a given eccentricity e , the depth of neutral axis, nd , was first assumed. Based on 446 
the assumed neutral axis and the ultimate axial strain at the extreme compression fiber of the 447 
section, the resultant force and the resultant bending moment were obtained. Afterwards, the 448 
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eccentricity e′ was obtained by dividing the bending moment by the force. If the calculated 449 
eccentricity e′  was the same with the given eccentricitye , the calculation was completed and the 450 
calculated force and bending moment were the true values. If not, the depth of neutral axis was 451 
readjusted. The above procedure was repeated until the calculated eccentricity e′was the same 452 
with the given eccentricitye . In order to get more accurate prediction results, the width of the 453 
strips should be small enough. In this study, the width of the strips was taken as 1 mm. For FRP 454 
materials, a linear elastic stress-strain relationship was adopted. The tensile stress carried by the 455 
concrete was neglected in this study. For concrete under compression, the stress-strain model 456 
proposed by Lam and Teng (2003a) was adopted for the FRP confined concrete subjected to 457 
concentric axial load, which can be described by the following expressions:  458 
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where
c
σ and 
c
ε are the axial stress and axial strain, respectively; 
c
E is the elastic modulus of 459 
unconfined concrete; 
2
E is the slope of the linear second portion of the stress-strain curve; and 460 
cu
ε is the ultimate axial strain of confined concrete. The parabolic first portion meets the linear 461 
second portion with a smooth transition at
t
ε :  462 
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The slope of the linear second portion 
2
E is given by  463 
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where
cc
f is the compressive strength of confined concrete. In this study, the compressive 464 
strengths of Groups F, P30, and P60 specimens subjected to concentric axial load were predicted 465 
by Equation (2), while the compressive strength of Group FP specimens subjected to concentric 466 
axial load were predicted by Equation (5). The ultimate axial strain 
cu
ε can be calculated by 467 
(Lam and Teng 2003): 468 
45.0
,,1275.1 











+=
co
ruph
co
al
co
cu
f
f
ε
ε
ε
ε
 (11) 
where 
co
ε is the compressive strain of concrete corresponding to 
co
f .  469 
 470 
Moreover, in order to consider the reduced effectiveness of FRP confinement for concrete core 471 
subjected to eccentric load, a variable confinement model was adopted to describe the stress-472 
strain relationship of concrete core under eccentric axial load (Yu et al. 2010). This model is an 473 
extension of Teng et al. (2009) model. The only difference is the value of the slope of the second 474 
linear portion of the concrete stress-strain curve
2
E . For concrete under eccentric axial load, the 475 
slope of the second linear portion of the stress-strain curve was calculated as:  476 
          
ed
d
EE
ec
+
=
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                  (12) 
where
ec
E
2
is the slope of the second linear portion of the concrete stress-strain curve, and d  is the 477 
diameter of confined concrete.  478 
 479 
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It should be noted that the above concrete stress-strain model is only suitable for sufficiently 480 
FRP confined concrete with strain hardening response (Bisby and Ranger 2010). For 481 
insufficiently FRP wrapped concrete as well as for specimens failed due to concrete cracking, the 482 
above concrete stress-strain curve reduces to a stress-strain curve composed of an initial parabola 483 
followed by a horizontal straight line (ACI 440.2R 2008; Lam and Teng 2003a; Rocca et al. 484 
2009). The compressive strength equals to the unconfined concrete strength, and the ultimate 485 
axial strain was assumed to be 0.003, as suggested in ACI 440.2R (2008). Fig. 15 compares the 486 
experimental and analytical interaction diagrams (non-dimensional) of different groups of 487 
specimens. For comparison purpose, the bending moment capacity without considering the 488 
second order moment was also calculated and presented in Fig. 15: 489 
                ePM ⋅= 22    (13) 
For Groups F and FP specimens, the analytical interaction diagrams were significantly lower 490 
than the experimental P-M1 interaction diagrams. The difference between the experimental and 491 
analytical compressive strength was relatively small (as shown in Table 4), while the analytical 492 
bending moment was much lower than the experimental bending moment M1. For Group P30 493 
specimens, the analytical interaction diagrams were lower than the experimental P-M1 interaction 494 
diagrams, but the difference was not significant. While for Group P60 specimens, the analytical 495 
results were significantly higher than the experimental P-M1 interaction diagrams. In general, by 496 
using the proposed fiber element method, conservative predictions can be obtained for Groups F, 497 
FP, and P30 specimens, which is safe for the column design. This conclusion was similar to the 498 
observations reported in Bisby and Ranger (2010). Nevertheless, the analytical results were 499 
significantly higher than the experimental P-M1 interaction diagrams for Group P60 specimens. 500 
This may be because the non-wrapped concrete began to spall off after the unconfined 501 
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compressive strength was reached, which may result in the performance deterioration of 502 
specimens. However, the spalling of non-wrapped concrete (i.e., loss of cross sectional area) was 503 
not taken into consideration by the proposed analytical method. With the increase of the spacing 504 
of FRP strips, the spalling of non-wrapped concrete became more severe and thus greater error 505 
between experimental and analytical results was observed. Therefore, a more accurate analytical 506 
model needs to be developed for partially FRP wrapped concrete to account for the performance 507 
deterioration of specimens due to spalling of non-wrapped concrete. 508 
 509 
Conclusions 510 
Experimental and analytical studies were carried out to investigate the performance of fully, 511 
partially, and non-uniformly FRP wrapped concrete under concentric and eccentric axial loads. 512 
The following conclusions can be drawn: 513 
1. The axial load carrying capacity of fully FRP wrapped concrete is the highest under both 514 
concentric and eccentric axial loads, followed by non-uniformly and partially FRP wrapped 515 
concrete. Moreover, the peak axial load of the specimen is significantly reduced with the 516 
increase in the axial load eccentricity for all groups of specimens.  517 
2. The failure mode of the specimen is influenced by the axial load eccentricity. The FRP rupture 518 
is the main failure mode for specimens tested at lower axial load eccentricities, whereas concrete 519 
tension cracking failure is the dominate failure mode for specimens tested at higher axial load 520 
eccentricities. The transfer from FRP rupture failure to concrete tension cracking failure occurs 521 
at lower axial load eccentricities for partially wrapped specimens than for the fully and non-522 
uniformly wrapped specimens.  523 
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3. Equations are proposed to predict the compressive strength of FRP wrapped concrete with 524 
different wrapping schemes. As for non-uniformly FRP wrapped concrete, the confinement is 525 
composed of two components, namely, confinement provided by full FRP wrapping and 526 
confinement provided by partial FRP wrapping. By using the principle of superposition, the 527 
compressive strength can be predicted with a reasonable accuracy.  528 
4. Experimental and analytical interaction diagrams are constructed to investigate the behavior of 529 
eccentrically loaded specimens. In general, the analytical model reasonably predicts the 530 
compressive strengths of Groups F and FP specimens, but underestimates the bending moment 531 
capacities. The analytical model overestimates the compressive strengths of Groups P30 and P60 532 
specimens. With the increase of the spacing of FRP strips gaps, the overestimation of bending 533 
moment become more significant for partially FRP wrapped concrete. These overestimations 534 
occur mainly because the analytical model does not consider the performance deterioration of 535 
partially FRP wrapped concrete, which is due to the spalling of non-wrapped concrete.  536 
5. Non-uniform wrapping combines the advantages of full and partial wrapping. Compared to 537 
partial wrapping, the non-uniform wrapping provides higher strength and ductility under both 538 
concentric and eccentric axial loads. Moreover, for partially FRP wrapped concrete, the non-539 
wrapped concrete may be exposed to harsh environment (e.g., moisture, heat, and impact), which 540 
may deteriorate the performance of concrete (e.g., corrosion of inner steel reinforcement and 541 
concrete spalling). By wrapping FRP non-uniformly, these adverse effects can be alleviated. 542 
Meanwhile, after fewer layers of full wrapping, the remaining layers of partial wrapping can only 543 
be applied onto the deteriorated parts of the columns. Therefore, the consumption of FRP may be 544 
less than in the case of full wrapping.  545 
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Table 1. Test matrix 
Specimen Wrapping scheme FRP layers Strip spacing Test Mode 
F-E0-1,2 Full 2 full layers 0 e=0 mm 
F-E15-1,2 Full 2 full layers 0 e=15 mm 
F-E25-1,2 Full 2 full layers 0 e=25 mm 
F-E40-1,2 Full 2 full layers 0 e=40 mm 
P30-E0-1,2 Partial 4 partial layers 30 e=0 mm 
P30-E15-1,2 Partial 4 partial layers 30 e=15 mm 
P30-E25-1,2 Partial 4 partial layers 30 e=25 mm 
P30-E40-1,2 Partial 4 partial layers 30 e=40 mm 
P60-E0-1,2 Partial 6 partial layers 60 e=0 mm 
P60-E15-1,2 Partial 6 partial layers 60 e=15 mm 
P60-E25-1,2 Partial 6 partial layers 60 e=25 mm 
P60-E40-1,2 Partial 6 partial layers 60 e=40 mm 
FP-E0-1,2 Non-uniform 1 full layer and 2 partial layers  - e=0 mm 
FP-E15-1,2 Non-uniform 1 full layer and 2 partial layers - e=15 mm 
FP-E25-1,2 Non-uniform 1 full layer and 2 partial layers - e=25 mm 
FP-E40-1,2 Non-uniform 1 full layer and 2 partial layers - e=50 mm 
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Table 2. Test results of specimens under concentric axial load 
Specimen 
1P  (kN) 1δ  (mm) 2P  (kN)  2δ  (mm) 3δ  (mm) 
 
µ   Failure mode 
F-E0-1 771 1.1 1542 9.1 - 
8.9 
I 
F-E0-2 757 1.1 1612 9.7 - I 
FP-E0-1 790 1.3 1450 8.3 - 
6.9 
I 
FP-E0-2 778 1.2 1414 8.5 - I 
P30-E0-1 816 1.4 1375 8.7 - 
7.1 
I 
P30-E0-2 781 1.5 1378 11.8 - I 
P60-E0-1 766 1.3 987 9.7 - 
8.1 
I 
P60-E0-2 760 1.2 893 10.8 - I 
P-E0-1 614 0.9 681 1.2 1.6 
1.7 
- 
P-E0-2 601 0.9 664 1.2 1.5 - 
Note: The failure mode “I” indicates FRP rupture failure.  
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Table 3. Test results of specimens under eccentric axial load 
Specimen 
1P  (kN) 1∆  (mm) 1δ  (mm) 2P  (kN) 2∆  (mm) 2δ  (mm) 3∆  (mm) 3δ  (mm) µ  Failure mode 
F-E15-1 615 1.3 0.1 1053 7.4 8.9 - - 
5.9 
I 
F-E15-2 596 1.2 0.3 1069 7.5 7.2 - - I 
FP-E15-1 565 1.3 0.8  872 5.5 2.0 - - 
4.5 
I 
FP-E15-2 593 1.4 0.5 959 6.9 7.0 - - I 
P30-E15-1 610 2.7 1.8 751 7.0 8.6 - - 
2.6 
I 
P30-E15-2 641 3.4 1.6 789 8.3 8.9 - - I 
P60-E15-1 482 1.2 0.5 517 1.6 0.6 5.7 9.9 
3.7 
II 
P60-E15-2 493 1.8 0.6 529 2.4 1.5 5.1 9.3 II 
F-E25-1 499 1.3 0.3 802 7.8 7.9 - - 
5.3 
I 
F-E25-2 526 1.6 0.7 790 7.3 8.8 - - I 
FP-E25-1 488 1.2 0.4 697 5.5 5.9 - - 
4.1 
I 
FP-E25-2 473 1.7 1.1  687 6.1 9.6 - - I 
P30-E25-1 495 1.2 1.2 576 4.4 8.2 6.7 14.3 
3.3 
I+II 
P30-E25-2 489 1.4 1.0 560 4.1 2.8 7.4 15.8 I+II 
P60-E25-1 464 1.1 1.7 493 1.3 1.7 2.3 4.0 
2.1 
II 
P60-E25-2 421 1.2 1.0 441 1.4 1.1 2.8 4.7 II 
F-E40-1 282 1.1 1.6 322 2.7 6.7 5.4 10.5 
4.6 
II 
F-E40-2 279 1.2 1.1 328 3.0 4.4 5.5 15.2 II 
FP-E40-1 294 1.1 0.7 323 2.5 4.5 4.7 13.2 
4.6 
II 
FP-E40-2 291 1.0 1.0 324 2.3 4.0 4.7 12.3 II 
P30-E40-1 246 1.2 0.8 267 1.7 1.5 2.9 5.9 
2.1 
II 
P30-E40-2 252 1.5 0.9 269 1.9 2.0 2.7 4.8 II 
P60-E40-1 261 1.0 0.6* 278 1.2 0.9* 1.5 - 
1.3 
II 
P60-E40-2 225 0.8 0.2* 235 0.9 0.3* 1.0 - II 
Note: “I” indicates FRP rupture failure; and “II” indicates concrete tension failure. *Lateral displacement data for S60-E40 specimens affected by 
crushing and spalling of concrete.    
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Table 4. Comparisons between Experimental and Analytical Compressive Strength of Specimens 
Specimen 
Experimental compressive strength 
(MPa) 
Analytical compressive strength 
(MPa) 
Average absolute error  
(%) 
F-E0-1 87.3 
77.8 
12.2 
F-E0-2 91.2 17.2 
F-E15-1 59.6 
54.9 
8.6 
F-E15-2 60.5 10.2 
F-E25-1 45.4 
42.2 
7.6 
F-E25-2 44.7 5.9 
F-E40-1 18.2 
16.8 
8.3 
F-E40-2 18.5 10.1 
FP-E0-1 82.0 
74.6 
9.9 
FP-E0-2 80.0 7.2 
FP-E15-1 49.3 
50.3 
2.0 
FP-E15-2 54.2 7.7 
FP-E25-1 39.4 
38.8 
1.5 
FP-E25-2 38.9 0.2 
FP-E40-1 18.3 
16.8 
8.9 
FP-E40-2 18.3 8.9 
P30-E0-1 77.8 
71.5 
8.8 
P30-E0-2 78.0 9.1 
P30-E15-1 42.5 
49.3 
13.8 
P30-E15-2 44.7 9.3 
P30-E25-1 32.6 
38.1 
14.4 
P30-E25-2 31.7 16.8 
P30-E40-1 15.1 
15.2 
0.6 
P30-E40-2 15.2 0 
P60-E0-1 55.9 
65.9 
15.2 
P60-E0-2 50.5 23.4 
P60-E15-1 29.3 
38.4 
23.7 
P60-E15-2 29.9 22.1 
P60-E25-1 27.9 
30.3 
7.9 
P60-E25-2 24.9 17.8 
P60-E40-1 15.7 
15.3 
2.6 
P60-E40-2 13.3 13.1 
Note: The peak strength of concentrically loaded specimens was predicted by the proposed equations, while the peak strength of eccentrically 
loaded specimens was predicted by the proposed numerical fiber element method. 
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Fig. 9. Axial load-deformation behavior of specimens under eccentric axial load (e= 25 mm)
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Fig. 10. Typical failure modes for specimens under eccentric axial load (e=40 mm) 
 
-24 -21 -18 -15 -12 -9 -6 -3 0 3 6 9
0
100
200
300
400
Ax
ia
l l
oa
d 
(k
N
)
Lateral deflection (mm) Axial deformation (mm)
F-E40-1
FP-E40-1
P30-E40-1
P60-E40-1
(a) Series A 
 
-24 -21 -18 -15 -12 -9 -6 -3 0 3 6
0
100
200
300
400
Ax
ia
l l
oa
d 
(k
N
)
Lateral deflection (mm) Axial deformation (mm)
F-E40-2
FP-E40-2
P30-E40-2
P60-E40-2
(b) Series B 
Fig. 11. Axial load-deformation behavior of specimens under eccentric axial load (e= 40 mm)
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